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Abstract
To study the molecular mechanism that controls the laminar organization of the retina, we utilized reaggregation cultures of dissociated
retinal cells prepared from chicken embryos. These cells cannot generate laminated structures by themselves and, instead, form rosettes
within the reaggregates. However, the dissociated cells can organize into a correctly laminated structure when cultured in the presence of
a putative laminar inducing factor coming from particular tissue or cells, but its molecular identity of this factor has long remained elusive.
In this study, we found that the anterior rim of the retina sends a signal to rearrange the rosette-forming cells into a neuroepithelial structure
characteristic of the undifferentiated retinal layer. This activity of the anterior rim was mimicked by Wnt-2b expressed in this tissue, and
was neutralized by a soluble form of Frizzled, which works as a Wnt antagonist. Furthermore, the neuroepithelial structure induced by
Wnt-2b subsequently developed into correctly laminated retinal layers. These observations suggest that the anterior rim functions as a
layer-organizing center in the retina, by producing Wnt-2b.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
During early embryogenesis, a sheet of undifferentiated
neuroepithelium, part of the ventral diencephalon, evagi-
nates bilaterally to form the optic vesicles (Coulombre,
1965). The outer and inner layers of the optic vesicle give
rise to the retinal pigment epithelium and neural retina,
respectively, through interactions with surrounding tissues
(Coulombre, 1965; Fuhrmann et al., 2000). In the neural
retina, progenitor cells proliferate to generate six types of
neurons and one type of glia, which are arranged into
distinct layers forming the characteristic laminated retina
(Coulombre, 1965; Livesey and Cepko, 2001). A number of
molecules, including transcription factors and cell-surface
receptors, have been shown to regulate fate determination of
each retinal cell type (reviewed in Livesey and Cepko,
2001). Several studies have revealed the involvement of
both cell-intrinsic and -extrinsic elements controlling the
layer organization of the retina. The overexpression of a
dominant-negative form of the centrosomal protein mNudE,
which associates with cytoplasmic dynein and microtubule-
associated LIS1, disrupts the retinal laminar organization in
Xenopus (Feng et al., 2000), suggesting that centrosome-
mediated nuclear migration is involved in layer formation of
the retina, as is the case in the cortical layer formation (Feng
and Walsh, 2001). Genetic ablation of the retinal pigment
epithelium disrupts the laminar organization of the neural
retina, implying that retinal layer formation is dependent on
signals from nonneural tissues (Raymond and Jackson,
1995). Recently, it was reported that conditional knockout
of sonic hedgehog in retinal ganglion cells resulted in dis-
* Corresponding author. Fax: 81-78-306-3118.
E-mail address: nakagawa@cdb.riken.go.jp (S. Nakagawa).
R
Available online at www.sciencedirect.com
Developmental Biology 260 (2003) 414–425 www.elsevier.com/locate/ydbio
0012-1606/03/$ – see front matter © 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0012-1606(03)00320-8
organization of the retinal layer (Wang et al., 2002). Since
Patched-1 and Gli1, downstream components of the hedge-
hog signaling, are expressed in Mu¨ller cells, Sonic Hedge-
hog protein presumably regulate the radial organization of
these glial cells, which are essential for proper lamination of
the retina (Wang et al., 2002).
Further lines of evidence indicating the requirement of
cell-extrinsic signals for the correct layer formation of the
neural retina come from in vitro studies. Reaggregation
cultures of dissociated cells prepared from embryonic tis-
sues have long been used as a model system to study the
mechanism controlling tissue organization (Layer et al.,
2002; Moscona, 1961). When embryonic neural retinas are
dissociated into single cells and allowed to reaggregate, they
can proliferate and differentiate into all the neurons and glia
found in the mature retina (Layer et al., 2002; Moscona,
1961). The laminar organization of the retina, however, is
severely disrupted in those aggregates by formation of ro-
settes, consisting of cells grouped concentrically around
lumens (Layer et al., 2002; Moscona, 1961). Interestingly,
the dissociated cells can correctly laminate when they
are explanted on the chick chorioallantoic membrane
Fig. 1. Prevention of rosette formation by the anterior rim explant and Wnt-2b-expressing cells. (A) Schematic drawing of the experimental design. (B, C)
The expression of a photoreceptor cell marker visinin and a ganglion/amacrine cell marker Hu (B), or progenitor markers Pax-6 and Chx-10 (C) in E5 neural
retina. The inner and the outer side of the retina are positioned in top and bottom side of the figure, respectively. (D–O) Arrangement of photoreceptor cells
in the pellets. Serial confocal sections were merged to show the top (D–G, H–K) and the lateral (L–O) view of the pellets. Dissociated chicken progenitor
cells were pelleted alone (D, H, L) or mixed with a quail tissue explant taken from anterior rim (E, I, M), neural retina (F, J, N), retinal pigment epithelium
(G, K, O), and cultured as schematically shown in (A). The pellets were stained for the photoreceptor marker visinin (green) and the quail nucleus marker
QCPN (red). In (D–G), nuclear staining of DAPI was shown in blue. The dashed lines in (L–O) show the outline of the pellets. Asterisks show the position
of the quail tissue explants. Scale bars, 20 m.
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Fig. 2. The rosette-inhibiting activity of the anterior rim explant is mimicked by Wnt-2b and neutralized by soluble form of Frizzled-4. (A) In situ
hybridization of E3.5 retina probed with Wnt-2b. Strong signal was observed at the anterior rim of the retina (arrows), as well as in the lens epithelium (le).
(B) Schematic drawing of the experimental design. 293 transfectants were first aggregated on their own to make cellular clusters, which were then mixed
with dissociated retinal cells to make pellets. (C–L) Arrangement of the photoreceptor cells (green) in the pellets. The serial confocal sections were merged
to show the top (C–G) and the lateral (H–L) view of the pellets. Dissociated progenitor cells were mixed with control 293 cells (C, H), Wnt-2b-expressing
293 cells (D, I, E, J), the anterior rim explant (F, K), or the RPE explant (G, L) and cultured in the control medium (C, H, D, I) or in the presence of the
extracellular domain of Frizzled (Fzd5-CRD; E–G, J–L), as schematically shown in (B). The 293 transfectants were stained with CFDA and have been
pseudocolored in red. The anterior rim and the RPE explants were stained with QCPN shown in red in (F, K, G, L). Asterisks show the position of the tissue
explants or 293 cell clusters. Scale bars, 20 m.
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(Fujisawa, 1971). The correct lamination is also induced in
a more simplified coculture system, which has been shown
in a series of experiments done by Layer and his colleagues
(reviewed in Layer et al., 2002). Dissociated retinal cells
regenerate normal retinal layers when they are cocultured
with pigmented cells from marginal retina (Layer and Will-
bold, 1989; Vollmer et al., 1984), or in the presence of
conditioned medium prepared from retinal pigment epithe-
lium (Rothermel et al., 1997), Mu¨ller cells (Willbold et al.,
2001), or Bergmann glia (Willbold et al., 2000). Those
experiments raise the possibility that there exist extracellu-
lar molecules that prevent rosette formation and permit the
generation of layered structures during normal develop-
ment; however, the molecular nature of the laminar-induc-
ing activity has long remained elusive (Layer et al., 2002).
In this present study, we found that the anterior rim of the
embryonic retina has an activity of reorganizing rosette-
forming cells into a two-dimensional epithelial sheet in
reaggregation cultures. This activity of the anterior rim
could be mimicked by Wnt-2b expressed there, and could be
neutralized by a soluble form of the Frizzled extracellular
domain, which works as a Wnt antagonist. In addition, the
epithelial structure induced by Wnt-2b subsequently gener-
ated the correct retinal layers in rotation cultures. We pro-
pose that the anterior rim functions as an organizing center
for the formation and maintenance of the early neuroepithe-
lial layer, which is a prerequisite for the subsequent devel-
opment of the laminated structures of the retina.
Materials and methods
Pellet culture of dissociated retinal cells
The culture medium used was a 1:1 mixture of Ham F12
and DMEM supplemented with 10% FBS (DH10). The
reaggregation pellet culture was prepared according to the
methods previously described (Kubo et al., 2002). Briefly,
E5 chicken embryonic neural retinas were treated for 10
min at room temperature with 0.1% crude trypsin (1:50;
DIFCO) in Ca2- and Mg2 -free saline buffered with
Hepes (HCMF, pH 7.4) and supplemented with 1 mM
EDTA. After two washes in DH10, DNaseI (Sigma) was
added at a final concentration of 0.001%, and the retinal
fragments were dissociated into single cells by gentle pipet-
ting. After centrifugation at 700g for 1 min, the cells were
resuspended in DH10 at a concentration of 2  105 cells/
microliter. One microliter of the cell suspension was mixed
with small tissue explants prepared from various regions of
E4.5 quail retina, and the mixture was placed on a Millicell
CM filter (Millipore) and cultured for 2 days. For cocultur-
ing with 293 cells transfected with Wnt-2b (Kubo et al.,
2002), the transfected 293 cells were first treated with 5 mM
cytosine arabinoside for 24 h to stop cell proliferation. After
the treatment, they were washed three times with HCMF
and incubated with 10 M 5- (and-6)-carboxyfluorescein
diacetate succinimidyl ester [5(6)-CFDA, SE; Molecular
Probes] in HCMF for 5 min at room temperature. They were
then dissociated into single cells and reaggregated on aga-
rose-coated dish for 48 h to make cell clusters. These 293
clusters were mixed with the dissociated retinal cells to
make the pellets on a filter as described above. In certain
cases, cell lysates containing the soluble form of Frizzled-5
(Fzd5-CRD) were added to the culture medium to give the
final concentration of the protein at 4 g/ml. The prepara-
tion of the cell lysates containing Fzd5-CRD has previously
been described (Kubo et al., 2003). Briefly, COS7 cells
were transfected with the expression vector plasmids using
Effectene reagents (QIAGEN) according to the manufactur-
er’s instruction. After 48 h, the cells were washed three
times with PBS, and incubated for 30 min in 0.5% CHAPS
in PBS containing 1 mM EDTA on ice. After centrifugation
at 17,400g for 30 min, the cell lysates were extensively
dialyzed against PBS, and against DH, and thereafter kept
frozen until used. As a control, mock-transfected COS7
cells were used to prepare the cell lysate. To prepare puri-
fied Fzd5-CRD proteins, they were immunoprecipitated
from the cell lysate mentioned above by using anti-myc
agarose (Sigma). After extensive washing with PBS, the
bound proteins were eluted from the beads at pH 12.0
following the manufacturer’s instruction. Protein concentra-
tions were estimated by visual comparison with a BSA
standard after SDS-PAGE and Coomassie blue staining.
The purified proteins thus prepared lost its biological activ-
ity, but they are used to estimate the amount of Fzd5-CRD
Fig. 3. Quantitative analysis of the effect of tissue explants or Wnt-2b-expressing cells on the rosette formation and the cellular differentiation. (A–C)
Schematic drawing of the lateral view of the pellets cocultured with neural retina explants or 293 cell aggregates (A), anterior rim explants or 293 cell clusters
expressing Wnt-2b (B), or RPE explants (C). Note that the photoreceptor cells (green) are vertically rearranged along the bottom side of the pellets around
the anterior rim explants or Wnt-2b-expressing cells (B), whereas they are rearranged horizontally near the RPE explants (C). (D) The quantitative analysis
of the rosette-inhibiting effect. The region surrounding the tissue explants or 293 cell clusters were radially divided into 10 areas, and the distance between
the edge of the tissue explants or 293 cell clusters and the nearest rosettes in that area was measured (“d” in A–C). Ten different areas were counted for 4
different pellets (n  40). Note that the rosette-inhibiting effect of the anterior rim and the 293 cells expressing Wnt-2b were neutralized by the addition of
Fzd5-CRD, whereas that of RPE was not. (E) Number of marker-expressing cells in 50 square micrometers neighboring the tissue explants in the pellet
cultures. The cell number was counted using the merged images from the top view (such as Fig. 4A, B, E, and F), except for the cells coexpressing Pax6
and Chx10, which number was counted by using 2-m-thick single confocal sections at the middle of the pellets (such as Fig. 4I and J). Ten different areas
within 100 m from the edge of the tissue explants were randomly selected for one pellet, and 4 pellets were counted for each marker (n  40). Asterisks
and sharps in (D) and (E) show statistically significant (Student’s t test; P  0.0001) and nonsignificant (P  0.1) differences.
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in the cell lysate described above by visual comparison of
the signals on Western Blot.
To label a subpopulation of cells, we electroporated
RCAS-GFP into the optic vesicles of E1.5 chicken embryos
from a distinct farm (Takeuchi-fukajyo, Japan). The neural
retina was then dissected at E5 to prepare the dissociated
cells, and they were mixed with an excess amount of non-
labelled dissociated cells prepared from virus-resistant em-
bryos that originated from another farm (Yamagishi).
Rotation culture of dissociated retinal cells
The rotation culture of dissociated retinal progenitor
cells was performed under the previously described condi-
tions (Willbold et al., 2000) with minor modifications.
Briefly, dissociated retinal cells were prepared as described
above, and they were suspended in DH10 at a density of 1
 106/ml. One milliliter of the cell suspension was then
transferred to each well of six-well dishes (Falcon), and 600
l of conditioned medium from Wnt-2b-expressing cells
and 2.4 ml of DH10 were added. DNaseI was also added to
the medium at final concentration of 0.001%. The prepara-
tion of this conditioned medium has been described (Kubo
et al., 2003). In certain cases, cell lysates containing Fzd5-
CRD were added to the medium at the final concentration of
4 g/ml. The dishes were then rotated at a speed of 80 rpm,
and one-third of the culture medium was changed everyday.
For long-term culture, the cells were cultured in the pres-
ence of conditioned medium for initial 4 days as described
above, and the medium was gradually replaced with DH10
by changing one-third of the culture medium every 2 days.
Immunohistochemistry
The following antibodies were used: mouse anti-Hu
(clone 16A11; Molecular Probes), mouse anti-islet-1 (clone
40.2D6; DSHB), mouse anti-glutamine synthetase (clone 6;
Transduction), mouse anti-Pax-6 (DSHB), mouse anti-ZO-1
(kind gift from Dr. Tsukita), mouse anti-quail nucleus
(clone QCPN; DSHB), mouse anti-Brn3a (Chemicon),
mouse anti-syntaxin (HPC1; Sigma), rabbit anti-Chx10
(kind gift from Dr. Jessell), rabbit anti-visinin (kind gift
from Dr. Miki), Cy3-conjugated anti-rabbit IgG (Chemi-
con), Alexa 488-conjugated anti-mouse IgG (Molecular
Probes), and FITC, conjugated PNA (Molecular Probes).
For double and triple labeling using mouse antibodies,
QCPN was directly labeled with ZENON Alexa 555 or 645
(Molecular Probe). The anti-visinin polyclonal antibody
was also directly labelled for multicolor labeling using Al-
exa-645 antibody labeling kit (Molecular Probes). Samples
were fixed for 1 h at room temperature in 4% paraformal-
dehyde in PBS, permeabilized in 100% methanol for 5 min
at 20°C, and were processed by using a standard immu-
nostaining protocol. Confocal images were collected by
using an LSM510 (Zeiss).
Results
The anterior rim inhibits the rosette formation of
dissociated embryonic retinal cells
In reaggregation cultures of dissociated retinal cells,
different cell types spontaneously segregate from each
other, forming rosettes inside, and no correctly laminated
structure is generated (Moscona, 1961). Previously, pig-
mented cells from the peripheral region of the retina have
been shown to induce the laminar formation in the re-
aggregation culture (Layer and Willbold, 1989). To fur-
ther identify the specific region of the developing optic
vesicle that can instruct the dissociated retinal cells to
reorganize normal tissue structures, we prepared dissoci-
ated cells from E5 chicken embryonic retinas (Fig. 1A).
At this stage, Hu-expressing ganglion cells and visinin-
expressing cone photoreceptor cells start to differentiate
in the inner and the outer region of the neural retina,
respectively (Fig. 1B). However, a majority of the cells in
the neural retina coexpress Pax-6 and Chx10 (Fig. 1C),
suggesting that they are undifferentiated retinal progen-
itor cells (Belecky-Adams et al., 1997). We explanted
various ocular tissue fragments prepared from quail em-
bryos into the pellets of the dissociated retinal progenitor
cells (Fig. 1A). The cell mixture was cultured on a filter
for 2 days, fixed, and immunostained for visinin. The
photoreceptor cells were arranged into characteristic ro-
settes in control pellets without tissue explants (Fig. 1D,
H and L). However, in cocultures with explants of ante-
rior rim of the retina, the rosette formation was inhibited
(Fig. 1E and I). The lateral view of the pellets revealed
that those cells were positioned along the bottom side of
the pellet, being aligned vertically or diagonally to the
filter (Fig. 1M). This rosette-inhibiting effect was not
observed around the explants taken from the central neu-
ral retina (Fig. 1F, J, and N), or the explants from the
marginal nonpigmented retina, the presumptive ciliary
epithelium (data not shown). On the other hand, the
explants taken from the retinal pigment epithelium (RPE)
rearranged the photoreceptor cells at the vicinity (Fig.
1G, K, and O), and these cells were arranged parallel to
the filter towards the explants (Fig. 1O). These arrange-
ments of the photoreceptor cells were schematically sum-
marized in Fig. 3A–C. To quantify the effect of the
rosette-inhibiting activity, we measured the distance be-
tween the edge of the tissue explants and the nearest
rosette surrounding radially (“d” in Fig. 3A–C). The
anterior rim inhibited rosette formation as far as 150 m
from the explants (see Fig. 3D), whereas this effect was
limited within 70 m from the pigment epithelium ex-
plants (see Fig 3D). The rosettes were formed as close as
20 m from the neural retina explants (see Fig. 3D),
which was about the same length as the radius of the
rosettes.
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The rosette-inhibiting activity of the anterior rim is
mediated by Wnt-2b
We recently found that Wnt-2b, a secreted signaling
molecule expressed in the anterior rim of the embryonic
retina, controls the proliferation and differentiation of
retinal progenitor cells (Kubo et al., 2003). The expres-
sion of Wnt-2b (Jasoni et al., 1999; arrowheads in Fig.
2A) also correlated with the rosette-inhibiting activity of
the anterior rim. We tested whether Wnt-2b could mimic
the anterior rim activity and reorganize dissociated reti-
nal cells (Fig. 2B). We prepared clusters of 293 cells
expressing Wnt-2b, and mixed them with dissociated
retinal cells to make pellets (Fig. 2B). Rosette formation
was inhibited in the region close to the Wnt-2b-express-
ing 293 cell clusters explanted into the pellets (Fig. 2D),
whereas these cells did not respond to nontransfected 293
cells (Fig. 2C). Lateral view of the same pellets revealed
that the photoreceptor cells were aligned parallel to each
other along the bottom side in the region neighboring the
Wnt-2b-expressing cell clusters (Fig. 2I). To confirm
whether the observed phenomenon was a Wnt-specific
event, we utilized a soluble extracellular domain of Wnt
receptor, Frizzled-5, which is expressed in the central
neural retina (Kubo et al., 2003); this Frizzled fragment
(Fzd5-CRD) was earlier shown to interfere with the nor-
mal Wnt/receptor interactions (Leyns et al., 1997; Wang
et al., 1997) and inhibit the stabilization of -catenin in
retinal cells stimulated by Wnt-2b (Kubo et al., 2003). As
expected, the Fzd5-CRD reinstated rosette formation,
presumably by neutralizingWnt-2b activity (Fig. 2E and
J). More importantly, Fzd5-CRD also blocked the afore-
mentioned activity of the anterior rim explants (Fig. 2F
and K). These observations suggest that Wnt signaling is
required and sufficient for the activity of the anterior rim
to regulate cellular alignment. On the other hand, the
rosette inhibiting activity of the RPE was not signifi-
cantly altered by the addition of Fzd5-CRD (Fig. 2G and
L). The quantitative analysis of the rosette-inhibiting
activity of Wnt-2b-expressing cells and the effects of
Fzd5-CRD are shown in Fig. 3D
Fig. 4. Inhibition of neuronal differentiation and induction of epithelial
organization by the anterior rim explant. Serial confocal sections were
merged to show the top (A, B, E, F) and the lateral view (C, D, G, H, M,
N) of the reaggregation pellets. In (I, J, K, L), single 2-m-thick confocal
sections were taken at the middle (I, J, K) or the bottom (L) of the pellets.
The dissociated progenitor cells were cocultured with control explants
taken from the neural retina (left column) or with anterior rim explants
(right column), which were visualized by QCPN (red in A–H, K, L and
blue in I, J). The reaggregation pellets were stained for Hu (green in A–D),
phosphorylated histone H3 (pH3; green in E–H), Pax-6 and Chx10 (green
and red in I, J, respectively), ZO-1 (green in K, L, and red in M, N). In (M)
and (N), subpopulations of the retinal cells were labeled with GFP-ex-
pressing retrovirus (green). The insets in (K) and (L) show the higher
magnification of the ZO-1 signals. Scale bars, 20 m.
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The anterior rim induces the formation of the
neuroepithelial structures consisting of undifferentiated
retinal progenitor cells
To understand the cellular events occurring during Wnt-
dependent cell rearrangement, we studied marker expres-
sion in the retinal cell pellets. We first examined the ex-
pression of Hu, a ganglion and amacrine cell marker
(Fischer and Reh, 2000), and found that Hu-positive neu-
rons were frequently detectable in the vicinity of control
explants taken from the central neural retina (Fig. 4A and
C). However, much smaller numbers of cells expressed Hu
around the anterior rim explants (Fig. 4B and D, and Fig.
3E), suggesting that neuronal differentiation was inhibited
by this tissue. The Hu-expressing cells around the anterior
rim explants were aligned along the surface side of the
pellets (Fig. 4D), whereas they were distributed throughout
the thickness of the pellets around the neural retinal explants
(Fig. 4C). The inhibition of neuronal differentiation was
also confirmed by the decrease of Islet-1-expressing cells,
another marker for the postmitotic retinal neurons, as well
as visinin-expressing cells (Fig. 3E). To examine the effects
of the tissue explants on cell proliferation, we studied the
expression of phosphorylated histone H3 (pH3), a mitotic
cell-specific marker (Fig. 4E–H). There were no significant
differences between the number of pH3 cells around the
neural retina explants and the anterior rim explants (Fig. 4E
and F, and Fig. 3E); however, the mitotic cells aligned along
the bottom side of the pellet near the anterior rim explants
(Fig. 4H). We then studied the expression pattern of Pax-6
and Chx-10, which expressed in ganglion/amacrine cells
and bipolar cells, respectively; however, only retinal pro-
genitor cells coexpress these two markers (Belecky-Adams
et al., 1997; Fischer and Reh, 2000). The majority of the
cells near the anterior rim explants coexpressed Pax-6 and
Chx-10 (orange in Fig. 4J), suggesting that they retained
their retinal progenitor cell identity. On the other hand,
fewer cells coexpressed the progenitor markers in the con-
trol culture (Fig. 4I, and Fig. 3E), suggesting that the other
cells had been determined to differentiate into photoreceptor
or horizontal cells not expressing these markers, or into
ganglion and amacrine cells expressing only Pax-6 (green in
Fig. 4I). Since the photoreceptor cells, the ganglion cells,
and the mitotic cells were aligned along the one side of the
pellets around the anterior rim explants, the epithelial struc-
ture characteristics of early neural retina was assumed to be
generated in that region. We therefore examined the expres-
sion of ZO-1, a marker for the apical junctional complex of
epithelial cells (Stevenson et al., 1986). In control cultures,
ZO-1 was expressed at the center of the rosettes along the
lumen (Fig. 4K). In contrast, a two-dimensional network of
ZO-1-positive apical junctions was established in the
chicken cells surrounding the anterior rim explants (Fig.
4L), suggesting that epithelial organization had been in-
duced by the explants. To further investigate the arrange-
ment and morphology of each cell in the pellets, we labeled
a small number of retinal cells with GFP-expressing retro-
virus. In the control cultures, the GFP-labeled cells were
frequently arranged into rosettes along the ZO-1-positive
lumen (Fig. 4M). On the other hand, the GFP-expressing
cells typically showed a bipolar morphology in the region
surrounding the anterior rim explants (Fig. 4N). These cells
were aligned in a parallel fashion, forming a polarized
epithelial sheet, as suggested by the continuous localization
of ZO-1 at the apical-most portion of the cell layers (Fig.
4N, arrowheads). We also studied glutamine synthetase
expression to examine the formation of Mu¨ller cell scaf-
folds; however, we could not see any signals, indicating that
the Mu¨ller cells had not differentiated during the 2 days in
culture (data not shown). All these effects observed with the
anterior rim explants were also found when Wnt-2b-ex-
pressing 293 cells had been used as the explants, and could
be neutralized by addition of Fzd5-CRD (data not shown).
Wnt-2b induces the correct layer formation from
dissociated single cells
By using classic rotation culture method (Moscona,
1961; Sheffield and Moscona, 1969), which provides a
better system for generating three-dimensional tissues, we
then examined whether the laminar organizing activity of
Wnt-2b could have any role in regulating the entire retinal
structure. We prepared dissociated retinal cells from E5
chicken retina, and allowed them to reaggregate in the
presence of conditioned medium (CM) taken from control
or Wnt-2b-expressing 293 cells. After 48 h, photoreceptor
and ganglion/amacrine cells, expressing visinin and Hu,
respectively, were randomly distributed in the control ag-
gregates (Fig. 5A). In contrast, when these cells had been
cultured in the presence of Wnt-2b, the visinin- and Hu-
positive cells became located in the peripheral and central
parts of the aggregates, respectively (Fig. 5B). Their neu-
ronal differentiation was inhibited by Wnt-2b CM, as con-
firmed by the smaller number of cells expressing the differ-
entiation markers in the aggregates (Fig. 5A and B), as well
as by the near uniform coexpression of the progenitor mark-
ers, Pax-6 and Chx 10 (Fig. 5E). The mitotic cells were
distributed randomly in the control aggregates (Fig. 5G),
Fig. 5. Regeneration of epithelial structures in rotation cultures in the presence of Wnt-2b. Dissociated retinal cells were allowed to reaggregate in a rotation
culture in the presence of conditioned medium prepared from control (left column) or Wnt-2b (middle and right column)-expressing 293 cells. To confirm
the specific effect of Wnt-2b in the conditioned medium, cell lysates containing Fzd5-CRD were also added (right column), while control lysates were added
in the other conditions. The aggregates were stained for visinin and Hu (A–C), Pax-6 and Chx-10 (D–F), pH3 (G–I), ZO-1 and GFP (J–L) after 2 days in
vitro. In (A–C) and (G–I) DAPI-stained nuclear signals were shown in blue. In (J–L), a small number of cells were labeled with GFP-expressing retrovirus.
Arrowheads in (K) show the surface expression of ZO-1. Scale bars, 20 m.
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whereas they are located in the surface of the aggregates
cultured in the presence of Wnt-2b CM (Fig. 5H). When a
subpopulation of cells was labeled with GFP-expressing
virus, no regular pattern of cellular distribution was ob-
served in the control aggregates (Fig. 5J). On the other hand,
a polarized epithelial structure was regenerated in the Wnt-
2b-treated aggregates with its apical surface facing outside,
as revealed by immunolocalization of ZO-1 (Fig. 5K). The
epithelial organization was established during the first 24 h
in the presence of Wnt-2b CM (data not shown). All of these
effects of Wnt-2b CM were neutralized by the addition of
Fzd5-CRD (Fig. 5C, F, I, and L).
To test whether the removal of the Wnt-2b can lead to the
differentiation of retinal neurons and glia, we cultured the
aggregates in the presence of the conditioned medium for an
initial 4 days. The culture medium was then gradually re-
placed with the one without the conditioned medium for a
further 10 days to promote cellular differentiation. The
control aggregates contained all the retinal cell types found
in the retina, but they developed a number of rosettes inside,
forming no layered structures (Fig. 6A, D, and G). How-
ever, distinct laminated structures, characteristic of the nor-
mal retina, were generated from the Wnt-2b-treated aggre-
gates (Fig. 6B, E, and H). In these laminated structures, all
the retinal neurons and glial cells were located in their
appropriate positions found in normal retina, as evidenced
by the expression of visinin (photoreceptor cells, green in
Fig. 6E and F), Chx 10 (bipolar cells, blue in Fig. 6E and F),
Pax-6 (horizontal, ganglion, and amacrine cells, red in Fig.
6E and F), and glutamine synthetase (Mu¨ller cells, green in
Fig. 6H and I). We also confirmed the production of distinct
cell types in the right position by examining the expression
of Brn3a, syntaxin, and Prox1, expressed in the ganglion
cells, the amacrine cells, and the horizontal cells, respec-
tively (data not shown). The laminated structure was also
regenerated in the continuous presence of Wnt-2b (data not
shown), although the initial appearance of the distinct layers
was delayed for a few days.
Discussion
The presence of a laminar-inducing factor that enables
the formation of correctly laminated retina from singly
dissociated cells has been implicated for a long time (Fuji-
sawa, 1971; Vollmer et al., 1984; Vollmer and Layer, 1986;
Layer et al., 1990; Rothermel et al., 1997; Willbold et al.,
2000, 2001). A number of growth factors that affect retinal
cell proliferation and differentiation have been tested for the
laminar-inducing activity, including EGF, FGF, NGF,
BDNF, taurine, retinoic acid, and others; however, none of
them can induce the formation of laminated retina (Rother-
mel et al., 1997; Layer et al., 2002). In this report, we
identify the anterior rim of the retina as a laminar organizer.
Wnt-2b is the molecule responsible for mediating this ac-
tivity, shown most clearly in the reaggregation cultures. In
the presence of the Wnt-2b, the dissociated retinal cells
developed into correctly laminated structures rather than the
rosetted ones typically generated by reaggregation cultures.
In the cells that receive Wnt signals, retinal progenitor
markers were maintained and neuronal differentiation was
inhibited during the early period of the culture, as we have
shown in ovo (Kubo et al., 2003). Importantly, Wnt-2b
signals are essential for the establishment of a polarized
epithelial arrangement of the cells. In the pellet cultures,
Wnt-2b induced the epithelial rearrangement of cells lo-
cated in the vicinity of the signal source. In these epithelial
structures, photoreceptor cells and mitotic cells were posi-
tioned along the apical side expressing ZO-1, and the gan-
glion cells were located along the basal side. The distribu-
tion of these markers suggests that the epithelial structure
induced by Wnt-2b acquire the normal tissue polarity of the
neural retina. Interestingly, the apical and basal side of the
epithelium located at the bottom and the surface side of the
pellets, respectively, independent of the distance from the
Wnt-2b signal source. Therefore, epithelial polarity itself is
not regulated by a gradient of Wnt-2b protein. Nutrients are
supposed to be provided from the bottom side of the pellet
through filter membranes, thus the dissociated retinal cells
may establish apical–basal polarity according to the sur-
rounding nutrient environment. In the rotation cultures,
most cells comprising the aggregates responded to Wnt-2b
CM in a similar morphological fashion, making epithelial
spheres. In this system, the retina-specific laminated struc-
tures developed only in the presence of Wnt-2b, suggesting
that the Wnt-2b-dependent organization of the epithelial
architecture may be a prerequisite for retinal cells to gen-
erate the laminated structures. This notion agrees with the
previous finding that the injection of Sfrp2 or 5, both of
which antagonize the Wnt signaling, led to the formation of
rosetted retinas in Xenopus (Ladher et al., 2000). Thus, we
can speculate that only once retinal cells have preestab-
lished the proper epithelial architecture can they undergo
typical nucleokinetic movement to generate neurons and
glia in an appropriate pattern. The requirement of the epi-
thelial structure for retinal laminar formation is supported
by other observations. For example, blocking of the adhe-
rens junctions by use of antibodies against N-cadherin led to
the formation of rosetted retinas (Matsunaga et al., 1988).
Two zebrafish mutants, nagie oko and heart and soul, de-
velop rosetted retinas, and the genes mutated in these mu-
tants encode tight junction components, MAGUK and
aPKC, respectively (Horne-Badovinac et al., 2001; Wei and
Malicki, 2002). Recently, Sonic Hedgehog expressed in
retinal ganglion cells was shown to be required for the
maintenance of Mu¨ller cell organization, which is necessary
for the laminated organization of the retina (Wang et al.,
2002). The involvement of the Mu¨ller cell scaffold in lam-
inar formation has also been shown by the treatment of
retina with Mu¨ller cell directed gliotoxins (Willbold et al.,
1995). Considering that the Wnt activity was required only
at the initial stage of the laminar formation, Mu¨ller cells
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Fig. 6. Regeneration of correctly laminated retina in the presence of Wnt-2b. Dissociated retinal cells were allowed to reaggregate in a rotation culture in
the presence of conditioned medium prepared from control (A, D, G), or Wnt-2b (B, E, H) expressing 293 cells for 4 days. The culture medium was then
gradually replaced with DH10 and cultured for 10 days. (C, F, I) Sections from the central region of E12 retina. The sections were stained with
hematoxylin–eosin (A–C), for visinin/Pax-6/Chx10 (D–F; green, red, and blue, respectively), and glutamine synthetase (G–I). The insets in (E) and (F) show
the higher magnification of the outer region of the retina; the arrowheads show the horizontal cells expressing Pax-6. PR, photoreceptor cells; Hz, horizontal
cells; Bp, bipolar cells; Am, amacrine cells; GC, ganglion cells; MG, Mu¨ller cells. Scale bars, 20 m.
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may take over the layer-organizing role at later develop-
mental stages.
The rosette-inhibiting activity of the anterior rim/Wnt-2b
was limited within a short distance, about 150 m from the
signal source. On the other hand, central neural retina is
located more than 500 m away from the anterior rim even
at early stages such as E2.5, when the first expression of
Wnt-2b is observed in that region (Jasoni et al., 1999). Then
what tissue, if any, could control the epithelial organization
of the cells’ that do not receive the signals from the anterior
rim? The RPE cells, and conditioned medium prepared from
those cells, have previously been shown to inhibit rosette
formation and induce correct retinal layers in rotation cul-
tures (Layer and Willbold, 1989; Rothermel et al., 1997;
Vollmer and Layer, 1986; Vollmer et al., 1984). We also
observed the inhibition of rosette formation around the RPE
explants in the pellet cultures. The RPE may therefore play
a role to maintain the epithelial organization in the central
region of the neural retina during normal development. This
idea is consistent with the previous reports where genetic
ablation of RPE leads to the malformation of retinal layers
(Raymond and Jackson, 1995). In the pellet cultures, rosette
formation was inhibited around the RPE explants even in
the presence of Fzd5-CRD. In addition, the alignment of the
photoreceptor cells around the tissue explants was con-
trolled differently, in a fashion reflecting their relative in
ovo position to the tissue explants; i.e., aligning distally
from the anterior rim and contacting vertically to the RPE.
Accordingly, the RPE activity may be mediated by mole-
cules, other than Wnt proteins expressed in the anterior rim.
It is important to characterize the molecular nature of the
RPE factor to understand how retinal layer formation is
regulated by signals from the surrounding tissues.
The precise intracellular molecular mechanisms how
Wnt induce the epithelial organization in the reaggregation
culture remains an open question. Wnt sends signals
through different intracellular pathways depending on each
tissue or cell, such as the canonical pathway that regulates
the transcription of target genes by -catenin/LEF complex,
and the planar cell polarity (PCP) pathway that modulates
the cytoskeletal organization in a -catenin/LEF-indepen-
dent manner (Wodarz and Nusse, 1998). We have previ-
ously shown that Wnt-2b activates the canonical pathway at
the marginal region of the retina to inhibit progenitor cell
differentiation (Kubo et al., 2003). Considering the fact that
undifferentiated retinal progenitor cells themselves have
neuroepithelial morphology, the induction of the epithelial
structure in the reaggregation culture by Wnt-2b could be a
secondary to the effect on the neuronal differentiation. Al-
ternatively, Wnt-2b might activate the pathway similar to
the PCP to rearrange the cytoskeletal organization, chang-
ing the morphology of each cell. We favor the latter possi-
bility for the following two reasons. First, the epithelial
organization was restored in the presence of Wnt-2b at the
beginning of the culture, when more than half of the cells in
the control aggregates expressed progenitor cell markers.
Therefore, the presence of retinal progenitor cells alone is
not enough to generate the epithelial structure. Secondly,
our previous study showed that blocking the Wnt canonical
pathway by a dominant negative form of LEF-1 did not lead
to the formation of rosetted retina (Kubo et al., 2003). We
are currently in the process of dissecting the downstream
molecular mechanisms using mutant molecules that specif-
ically block each signaling pathway.
The identification of the Wnt-2b-expressing anterior rim
as a layer-organizing center in the retina may provide in-
sight into the mechanisms that regulate the layer formation
in other parts of the central nervous system. Genetic abla-
tion of the cortical hem, the dorsal-most structure of the
telencephalon, leads to the loss of cortical layers in mice,
suggesting that the cortical hem functions as an organizing
center for the developing cerebral cortex (Monuki et al.,
2001). At least three subtypes of Wnts, i.e., Wnt-2b, Wnt-
3a, and Wnt-8b, are expressed in the cortical hem of mice
(Gavin et al., 1990; Grove et al., 1998). Importantly, the
activation of Wnt downstream signaling by overexpressing
the active form of -catenin results in lateral overgrowth of
the cerebral cortex in mice, producing folded structures
resembling the cortex of higher mammals (Chenn and
Walsh, 2002). It would therefore be intriguing to test the
possibility that the formation of cortical laminated struc-
tures in the brain is also regulated by Wnt signals coming
from such putative layer-organizing centers.
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